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r- ® Electrochromic devices having a gradient of colour intensities. 



W® An electrochromic device which comprises two 
3 substrates (32) and (36) therebetween: one electrode 

layer (38), an electrochromic material (40), an ion 
W conductive material (42), and another electrode layer 
2(34) in that order, at least one of said one electrode 

layer and said other electrode layer being transpar- 
°ent and each electrode layer being in contact with a 
Q. respective one of said substrates, said ion conduc- 
UJtive layer (42) being adapted to communicate ions to 

and from said electrochromic material (40) upon 

application of a voltage across said electrode layers, 



said electrochromic material (40) being in a thick- 
ness gradient in at least one region when measured 
normal to the plane of an electrode layer. 
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ELECTROCHROMIC DEVICES HAVING A GRADIENT Of COLOUR INTENSITIES 



The present invention relates to electrochromic 
devices. 

Electrochromic devices are devices in which a 
physical/chemical change produced in response to 
the induced electric field results in a change in the 
reflective (or transmissive properties) of the device 
with respect to electromagnetic radiations, e.g., uv f 
IR, and visible radiation. Such devices, one em- 
bodiment being shown as item 10 in Figure 1, 
generally comprise a film of electrochromic ma- 
terial 12 and an ion-conductive insulating layer 14 
which functions as an electrolyte layer. The film 
and the electrolyte layer are in surface contact with 
each other for exchange of ions between the elec- 
trochromic film and the electrolyte layer. Two con- 
ductive electrode layers, 16 and 18 in Figure 1, at 
least one of them being transparent, are disposed 
on the opposite outer surfaces of the film and the 
electrolyte layer to provide means for applying a 
voltage across the combined thickness of the elec- 
trochromic film and the electrolyte layer. The elec- 
trode layers, 16 and 18 in Figure 1, are provided 
on substrates, 20 and 22 of Figure 1, which sub- 
strates may be of a material such as glass. De- 
pending on the ion providing and ion storage ca- 
pacity of ion conductive layer 16, a counter elec- 
trode located between ion conductive layer 1 4 and 
electrode layer 18 may be used. The electrodes 
are provided with external electrical leads 24 and 
26 connected to a voltage providing source 28. 
Application of a voltage of proper polarity across 
the electrodes causes colouration of the electroch- 
romic layer. By reversing the polarity of the applied 
voltage, the coloured electrochromic layer will be 
uncoloured (bleached). Changing from the 
bleached state to the colourless state or from the 
coloured state to the bleached is termed 
"switching". The electrochromic material may be 
persistent in either its coloured state or its non- 
coloured state. By "persistent" is meant the ability 
of the material to remain, after removal of the 
electric field, in the absorptive state to which it is 
changed, as distinguished from a substantially in- 
stantaneous reversion to the initial state. The length 
of time a material is persistent is called its "open 
circuit memory" or simply "memory". In some 
embodiments, the colouration can be erased by 
simply short circuiting the electrodes through an 
external circuit, there being enough internally 
stored charge to supply the reversed voltage re- 
quired to raise the colouration in electrochromic 
layer. Electrochromic devices of this type have 
been described for several uses, such as image 
display, for light filtering, etc. See, e.g., U.S. Pat- 
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4,645,308; 4,436,769; 4,500,878; 4,150,879; 
4,652,090; 4,505,021 ; and 4,664,934. 

In such devices, the electrochromic film usually 
comprises an inorganic metal oxide material, most 
s commonly a transition metal oxide, in particular: 
tungsten oxide. When tungsten oxide is the elec- 
trochromic material, the electrolyte layer is adapted 
to provide a positively charged light cation, prefer- 
ably, a proton or a lithium ion. The electrolyte layer 
10 is generally a liquid electrolyte solution which com- 
prises polymers or copolymers containing acidic 
groups such as polystyrene sulfonic acid or a solid 
compound like lithium chloride. The electrolyte lay- 
er also may be a gel like polyvinyl butyral-metha- 
75 nol doped with LiCI. 

It would be desirable in some situations to 
have an electrochromic display device which exhib- 
its gradations of colour intensity in different regions 
of the device during operation of the device, for 
20 example, to provide a monochromatic "picture" 
based on the same colour but different intensities 
thereof. It would further be desirable to provide an 
electrochromic device having a gradient band of 
colouration, e.g., a more intense colouration in a 
25 lower region as compared to its upper region. Such 
a device could find use as walls of an office that 
could be switched from the colourless state to a 
graded coloured state at will to provide privacy. It 
could eliminate the combined glass wall/venetian 
30 blind combination often used in offices today. Ad- 
vantageously it would be easier to keep clean. It 
further will be appreciated that it might be desirable 
to have an electrochromic device which includes a 
gradient band in which the upper portion is more 
35 intensity coloured than the lower region. Such a 
device might be useful as the windshield of an 
automobile', for the windows or buildings or for sun- 
glasses. Ballmer in U.S. Patent 4,529,275 teaches 
that normal eyeglasses can be used as sun-glass- 
40 es by forming such glasses as electrochromic de- 
vices using eyeglass lens more strongly in the 
upper region than in the lower regions. According 
to Ballmer doing so would produce so-called auto- 
mobile driver's sun-glasses, in which an instrument 
45 panel is more readily observed through the less 
coloured part of the lenses. 

It is not well ascertained how Ballmer means to 
provide the colour gradient but according to his 
teachings it is related to contact with the elec- 
so trodes. It appears to suggest providing an electrical 
field gradient to be induced by limiting the surface 
conductivity of the electrodes. Such a method 
would be complex and less than desirable. This 
patent makes no teaching or suggestion of the 
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Castellion, in U.S. Patent 3,578,843 directed to 
reflecting electrochromic devices, discloses that 
the depth of colouration is dependent upon the 
thickness of the persistent electrochromic layer. He 
further discloses that, in theory, it would seem that 
the thicker the layer, the more colour centres would 
be formed upon application of the electric field and 
therefore deeper colouration could be expected. He 
concludes that, however, since thin layers could be 
expected to colour more quickly in some cases, 
the relationship between thickness of the layers 
and depth of colour is not simple. He makes no 
teaching or suggestion to provide a device having 
electrochromic material in a thickness gradient in in 
at least one region in order to provide a device with 
different intensities of colouration as is done in the 
present invention. 

It would be desirable if a method could be 
found to provide a colour gradient in an electroch- 
romic device in a less complex and thus commer- 
cially advantageous way over that suggested by 
Ballmer. The invention disclosed herein provides 
an electrochromic device exhibiting a gradient of 
colour in different regions of the device such as a 
gradient band on a windshield in a feasible way. 

According to the present invention there is 
provided a method for forming regions of an elec- 
trochromic device adapted to provide a color inten- 
sity gradient during operation of said electroch- 
romic device as hereinafter set forth in Claim 1. 

Further according to the invention there is pro- 
vided an electrochromic device as hereinafter set 
forth in Claim 5. 

Advantageously, it has been found that accord- 
ing of embodiments of the method of the present 
invention a device can be made which is capable 
of providing different percent reductions of radi- 
ation in different region of the device, correspond- 
ingly providing a gradient of intensity of colouration 
in different regions. 

The invention will now be described further, by 
way of example, with reference to the accompany- 
ing drawings, in which : 

Figure 1 is a schematic representation of an 
electrochromic device, in cross-section, according 
to the prior art. 

Figures 2 and 3 are schematic representa- 
tions of embodiment of electrochromic device, in 
cross-section, according to this invention. The 
same numbers are used in these figures to refer to 
similar components thereof. 

Figure 4 illustrates an embodiment of the 
colour patterning of the devices of Figure 2 during 
its operation. 

Figures 5 illustrates an embodiment of the 
colour patterning of the device of Figure 3 during 
its operation. 

Electrochromic devices generally comprise two 



substrates and therebetween one electrode layer, 
an electrochromic layer, an ion conductive layer, 
and another electrode layer. Devices of this general 
type are well known in the art and disclosed for 
s example in the U.S. patents listed above. 

In this invention, a method is provided for for- 
ming regions of an electrochromic device disclosed 
above which are gradeable in colour intensity dur- 
ing operation of the electrochromic device. As dis- 
w closed above, the method comprises providing 
electrochromic material in a thickness gradient in at 
least one region when measured normal to the 
plane of an electrode layer. The thicker regions of 
the electrochromic material being correspondingly 
75 associated with the regions of more intense colour 
during operation of the device. 

The invention will be further understood by 
reference to the embodiments of electrochromic 
devices according to this invention shown in the 
20 figures. The embodiment of this invention shown as 
device 30 and^ device 60 of of Figures 2 and 3, 
respectively, each individually comprise glass sub- 
strate 32 in contact with electrode layer 34 and 
glass substrate 36 in contact with transparent elec- 
25 trode layer 38. Devices 30 and 60 each further 
comprise electrochromic material 40 in contact with 
ion conductive material 42. 

During operation of these devices, a voltage is 
applied across the electrodes by leads 44 and 46 
30 connected to a voltage providing device 48. If 
electrochromic layer 40 comprises a cathodic elec- 
trochromic material like tungsten oxide, a voltage of 
negative polarity applied to electrode layer 34 
would cause the electrochromic material to change 
35 from colourless to blue, i.e., from its bleached to 
coloured state. In areas (a) and (b) of device 30, a 
blue colour would develop throughout the elec- 
trochromic material. The intensity of colour seen 
when viewing the device through either glass sub- 
40 strate would be a blue colour of substantially uni- 
form intensity in region "a" since the thickness of 
the electrochromic material is substantially of uni- 
form thickness in this region. Region "b" would 
exhibit a colour of graded intensity, the intensity of 
45 the colour in region "b" decreasing with the de- 
creasing thickness of the electrochromic material. 
That is, the intensity of the colour would be great- 
est near region "a" and be least intense at the 
lower (thinnest) end of the electrochromic material 
so (i.e., at the "b" and "c" junction). At the b-c junc- 
tion it would be almost colourless. It would be 
colourless in the "c" region. Since there is no 
electrochromic material in the "c" region, this re- 
gion would always appear colourless. That is, re- 
55 gion "c" is a non-switchible region. This variation in 
colouration for the device of Figure 2 is shown in 
Figure 4. The regions designated a, b, and c in the 
device of Figure 2 would have the relative intensity 
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of colouration shown for these regions in Figure 4 
when viewing the device through one of the glass 
substrates. 

Such a device as in Figure 2 could be used as 
the windshield of a car to reduce trans mittance of 
light By providing the electrochromic material in a 
pattern as shown in Figure 2 across the top of the 
windshield (or all windown of a car), a driver could 
control the intensity of light entering the car. On a 
very sunny day the driver could provide voltage to 
the device for a period of time to colour the device 
to the desired intensity. On a less sunny day, the 
device could be coloured less. The same type of 
device could be used to reduce transmission of 
radiation impinging the windows of a building, be it 
a home or office building. The profile of the gra- 
dient region and thickness thereof can be adjusted, 
e.g., according to geography to provide maximum 
solar efficiency. 

Such a device as that shown in Figures 2 or 3, 
for example, could be used "back-to-back" with a 
second electrochromic device of a type which has 
uniform intensity colouration of the entire device. In 
the second device, the electrochromic material 
would be provided in a substantially uniform layer 
throughout. Using the combination * of these de- 
vices, for example, as the windshield of a car it 
would be possible to reduce transmittance of sun- 
light to a desired level while driving by colouring a 
gradient band across the top of the windshield to a 
desired intensity and it would also be possible to 
darken the entire windshield to maximum darkness 
after parking the car by using the second device in 
an effort to reflect maximum radiation in an attempt 
to keep the car cooler inside or provide privacy. 
Not only could such a combination be used as the 
windshield, but as all of the windows of the car and 
the backlite. Still further it would be advantageous 
to use such a combination as the windows of a 
home or office building. Yet another option for such 
a device comprises using one of the electrode 
layers to heat the device, so as to provide in the 
case of a windshield, a self-defrosting windshield. 

As will be apparent to those skilled in the art in 
view of the present disclosure, the electrochromic 
material may be present in any of numerous patter- 
nings as long as it comprises a variable thickness 
in at least some regions thereof. It may be that the 
thickness of the electrochromic material varies 
throughout the electrochromic material as shown in 
Figure 3. In this figure, device 60 includes elec- 
trochromic material 40 which varies from maximum 
thickness at the bottom of the device to minimum 
thickness at the top of the device. This device 
would when coloured exhibit a variation in colour 
intensity which would be maximum at the top 
where the electrochromic material was the thickest 
and be minimum at the bottom where the elec- 



trochromic material is the thinnest. This relative 
intensity of colouration is shown in Figure 5 and 
illustrates the colouration when viewing the device 
of Figure 3 through normal to one of the sub- 
s strates. Such a device might be useful as walls of 
an office when one needs privacy for a meeting. 
Still other uses and configuration of devices ac- 
cording to this invention will be apparent to those 
skilled in the art in view of the present disclosure. 
10 The substrate employed in the device may 

comprise any material which is stable at the tem- 
peratures and under the conditions of the fabrica- 
tion and use of the device. Commonly used materi- 
als for the substrates of such devices include, e.g., 
75 glass, polycarbonate, quartz, plastic, and the like 
and suitable combinations of any of them. As least 
one of the substrates will be at least translucent, 
preferably being transparent. Selectional of the op- 
timal material to be used for one or both substrates 
20 of the device will be apparent to one skilled in the 
art in view of this disclosure. 

The electrodes used in the electrochromic de- 
vice of this invention may be any material which, 
relative to the electrochromic film, is electrically 
25 conductive. At least one of the electrode-substrate 
combinations is transparent, although both may be. 
If it is intended that the electrode be a light trans- 
mitting electrode, there may be used a light trans- 
mitting film of an electrically conductive metal ox- 
30 ide such as doped or undoped tin oxide, indium 
oxide, zinc oxide and the like. The thickness of the 
transparent electrode layer generally falls within the 
range of 200 nm to several microns, correspond- 
ingly varying in transparency and resistance. 
35 The transparent electrode layer may be formed 

on the substrate by any known technique, including 
vacuum evaporation, chemic vapour deposition, 
sol-gel deposition, ion plating, reactive sputtering, 
etc. The transparent electrode layer may be 
40 formed by the so-called thick film processes such 
as screen printing or coating. When the thick batch 
film process are used, (1) a paste containing metal 
compound micro particles or (2) a solution of an 
organic metal compound such as metal alcoholate 
45 or its oligomer is coated and sintered to form the 
transparent electrode layer. Preferably, the trans- 
parent electrode material is tin oxide doped with 
fluorine. The non-transparent electrode material se- 
lected from light-reflecting electrode materials (e.g., 
so Ai, Ag, Pt or Ni) or other electrode materials (e.g., 
Au, Pd, Cr, Ir, Ru, Rh or C). 

The electrochromic layer may be selected from 
any electrochromic material, many of which a well 
known to those skilled in the art and commercially 
55 available. Cathodic electrochromic materials in- 
clude non-stoichiometric (i.e., oxygen deficient) 
metal oxides wherein the metal has variable oxida- 
tion states. Exemplary of such cathodic electroch- 
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romic materials useful in this invention are those 
selected from the group comprising tungsten oxide, 
molybdenum oxide, vanadium oxide, titanium ox- 
ide, lead oxide, and bismuth oxide and compatible 
mixtures of any of them. Anodic electrochromic 
materials which may be used in this invention 
include full oxidised compounds comprising metal 
wherein the metal has variable oxidation states. 
Exemplary of such anodic electrochromic materials 
are and iridium oxide, and nickel hydroxide and 
compatible mixtures of any of them. Preferred elec- 
trochromic materials for use in electrochromic de- 
vices of this invention include non-stoichiometric, 
oxygen deficient tungsten oxide as the cathodic 
electrochromic material and fully oxidised iridium 
oxide as an anodic electrochromic material. 

As disclosed above, the electrochromic ma- 
terial of the device will comprise a thickness gra- 
dient in order to provide the gradient of intensity of 
colouration. It is believed herein that a coloured 
electrochromic material exhibits metal like optical 
properties, such that transmitted light intensity de- 
creases exponentially with film thickness. Thus the 
transmission gradient (colour intensity gradient) is 
controlled by controlling the thickness gradient of 
the electrochromic material. The electrochromic 
material may be provided on the appropriate sur- 
face in the device, e.g., in the embodiments shown 
in Figures 2 and 3 on the electrode layer, by any 
suitable technique. For example, the electroch- 
romic material may be provided by vacuum depo- 
sition, chemical vapour deposition, thermal evap- 
oration, sputtering, sol-gel deposition, and the like. 
Application of a graded electrochromic film, i.e, 
comprising a thickness gradient, can be controlled 
in various ways. For example, it can be controlled 
by varying the distance of the deposition device to 
the substrate on which the electrochromic material 
is being applied or by tilting the substrate, since 
the closer the substrate to the source the thicker 
the applied film. Another simple technique to 
achieve a graded thickness of the electrochromic 
material is to use a substrate which moves with a 
varying velocity or a mask which moves relative 
the substrate. Still other techniques for depositing a 
film of variable thickness will be apparent to those 
skilled in the art in view of the present disclosure. 
Usually the thickness of the electrochromic layer is 
between about 0.1 and 100 microns. Optimal thick- 
ness also will be determined by the materia! of the 
film. Selection of the optimal electrochromic ma- 
terial and method of its deposition will be apparent 
to those skilled in the art in view of the present 
disclosure. 

The ion conductive layer can be said to com- 
prise an ion source means for providing ions into 
the electrochromic material upon application of a 
voltage across the electrode layers. The ion con- 



ductive layer (often referred to as the electrolyte) 
can be selected from a number of materials. Exem- 
plary of dielectric materials useful as the ion con- 
ductive layer are tantalum oxide (Ta2 0s), niobium 
5 oxide (Nb 2 0 5 ), zirconium oxide (Zr0 2 ), titanium 
oxide (Ti0 2 ), hafnium oxide (Hf0 2 ), alumina 
(Al 2 0 3 ), yttrium oxide (Y 2 0 3 ), lanthanum oxide 
(LaaOa), silicon oxide (Si0 2 ), magnesium fluoride, 
zirconium phosphate, or a mixture thereof (a thin 
70 film of such a dielectric materia! serves as an 
insulator for electrons but as a conductor for pro- 
tons (H*) and hydroxy ions (OH - )). It is known that 
the ion conductive layer is adapted to contain ions 
or include an ion source for emitting ions upon 
75 application of a voltage. Exemplary of solid elec- 
trolytes useful as the ion conductive layer are so- 
dium chloride, potassium chloride, sodium bro- 
mide, potassium bromide, Na3Zr 2 Si 2 POi 2l 
Nai +xZrSi x P 3 -xOi 2 . NasYSUOi 2 , or RbAg 4 !s. The 
20 ion conductive layer may also be a water or proton 
source-containing synthetic resin copolymer of <ob 
-hydroxyethyl methacrylate with 2-acrylamide-2- 
methylpropane sulfonic acid, a hydrate vinyl 
copolymer (e.g., a hydrate methyl methacrylate 
25 copolymer), or a hydrate polyester. The ion con- 
ductive layer also can be an electrolytic solution of 
an acid (e.g., sulphuric* acid, hydrochloric acid, 
phosphoric acid, acetic acid, butyric acid, or oxalic 
acid) or an aqueous solution thereof, an aqueous 
30 solution of an alkali (e.g., sodium hydroxide or 
lithium hydroxide), or an aqueous solution of a 
solid strong electrolyte (e.g., sodium hydroxide, 
lithium chloride, potassium chloride, or lithium sul- 
phide. Exemplary of semi-solid gel electrolytes 
35 useful as the ion conductive layer are those, for 
example, obtained by gelling an electrolytic aque- 
ous solution with a gelling agent (e.g., polyvinyl 
alcohol. CMC, agar-agar or gelatin). Preferably, the 
ion conductive layer is selected from a material 
40 which comprised alkali metal compounds. Most 
preferably, such compounds are selected from ni- 
trate salts and chloride salts of alkali metal com- 
pounds. The alkali metal in such compounds are 
preferably, selected from lithium, potassium and 
45 sodium. Selection of the optimal ion conductive 
material would be apparent to one skilled in the art 
in view of this disclosure. As is known to those 
skilled in the art, the thickness of the ion conduc- 
tive layer may vary, optimal thickness being de- 
50 pendent on such considerations as desired maxi- 
mum intensity of the colour, type of ion conductive 
material, configuration of the device, etc. 

In the embodiments of the devices shown in 
Figure 2 and 3, the devices could be formed by 
55 applying electrode 34 on substrate 32- upon which 
is deposited electrochromic layer 40. In such a 
situation, the electrochromic material 40 could be 
provided on electrode layer 34 any suitable tech- 



9 



EP 0 363 045 A1 



10 



nique, the thickness of the electrochromic material 
in different regions thereof being provided as de- 
scribed above. Thereafter, the ion conductive ma- 
terial 42, if it were a solid or gel, could be provided 
as shown in Figures 2 and 3 in such thickness so 
that the total thickness (when taken normal to the 
surface of electrode layer 34) of the electrochromic 
material and ion conductive material is substantially 
the same. If on the other hand it was desired to 
use a liquid ion conductive material, the device 
would be assembled as shown in Figures 2 and 3 
by sealing three of the edges of the device with a 
material like silicone or epoxy. The cavity formed 
in the device in this way could then be filled with a 
liquid ion conductive material. 

As would be apparent to those skilled in the art 
in view of the present disclosure, the method of 
this invention is applicable to any electrochromic 
device. Such devices may comprise other compo- 
nents, e.g., counter electrodes, a second electroch- 
romic layer, etc.. Counter electrodes are generally 
employed between the ion conductive layer and an 
electrode of the device (i.e., between ion conduc- 
tive material 42 and electrode layer 46 of the 
device of Figures 2 or 3) to improve operation of 
the device. A counter electrode may be formed of, 
e.g., W0 3 doped with and alkali metal ion. This 
material is generally not meant to be electroch- 
romic. 



Claims 

1. A method for forming regions of an elec- 
trochromic device adapted to provide a colour in- 
tensity gradient during operation of said electroch- 
romic device which comprises two substrates 
(32,36) and therebetween: one electrode layer (38); 
an electrochromic material (40); an ion conductive 
material (42); and another electrode layer (34) in 
that order, at least one of said one electrode layer 
and said other electrode layer being transparent 
and each electrode layer being in contact with a 
respective one of said substrates, said ion conduc- 
tive layer (42) being adapted to communicate ions 
to and from said electrochromic material (40) upon 
application of a voltage across said electrode lay- 
ers, which method comprises, providing said elec- 
trochromic material (40) in a thickness gradient in 
at least one region when measured normal to the 
plane of an electrode layer. 

2. A method according to claim 1, wherein the 
said electrochromic material is selected from tung- 
sten oxide, molybdenum oxide, copper oxide, co- 
balt oxide, lead oxide, bismuth oxide, iridium oxide 
and nickel hydroxide. 

3. A method according to claim 1 or 2, wherein 
said one electrode layer and said other electrode 



layer are individually selected from electrode ma- 
terial consisting of doped or undoped (a) tin oxide, 
(b) indium oxide, (c) indium tin oxide, (d) zinc 
oxide, and (e) mixtures of any of them. 
5 4. A method according to any one of the pre- 

ceding claims, wherein the total thickness of the 
electrochromic material combined with the ion con- 
ductive material it contacts is substantially uniform. 

5. An electrochromic device which comprises 
w two substrates (32) and (36) therebetween: one 

electrode layer (38), an electrochromic material 
(40), an ion conductive material (42), and another 
electrode layer (34) in that order, at least one of 
said one electrode layer and said other electrode 

15 layer being transparent and each electrode layer 
being in contact with a respective one of said 
substrates, said ion conductive layer (42) being 
adapted to communicate ions to and from said 
electrochromic material (40) upon application of a 

20 voltage across said electrode layers, said elec- 
trochromic material (40) being in a thickness gra- 
dient in at least one region when measured normal 
to the plane of an electrode layer. 

6. A device according to claim 5, wherein the 
25 said electrochromic material is selected from tung- 
sten oxide, molybdenum oxide, copper oxide, co- 
balt oxide, lead oxide, bismu.th oxide, iridium oxide 
and nickel hydroxide. 

7. A device according to claim 5 or 6, wherein 
30 said one electrode layer and said other electrode 

layer are individually selected from electrode ma- 
terial consisting essentially of doped or undoped 
(a) tin oxide, (b) indium oxide, (c) indium tin oxide, 
(d) zinc oxide, and (e) mixtures of any of them. 
35 8. A device according to any one of claims 5 to 

7, wherein said ion conductive material is selected 
from materials comprising hydrogen ions and from 
materials comprising alkali metal compounds. 

9. A device according to claim 8, wherein said 
7o alkali metal compounds are selected from com- 
pounds comprising nitrates and chlorides of alkali 
metals. 

10. A device according to any one of claims 5 
to 9, wherein the total thickness of said electroch- 

45 romic material combined with said ion conductive 
material it contacts being substantially uniform. 
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